Introduction {#sec0001}
============

Malignant tumors result from complex structural and quantitative alterations at the molecular level, leading to altered cell behavior and uncontrolled cell proliferation. B-cell lymphoma is a lymphoid malignancy and type of cancer of the immune system. Worldwide data from Global Burden of Cancer (GLOBOCAN) in 2008 indicate that approximately half of all newly diagnosed hematologic neoplasms are lymphomas.[@bib0001] Lymphoid neoplasms are the fourth most common cancer and the sixth leading cause of death in the United States. Approximately 136,000 Americans were diagnosed with lymphoma in 2016,[@bib0002] and its incidence has been increasing. The prevalence of lymphoid malignancies is lower among Asians compared with other ethnic groups in the United States and among foreign-born Asians compared with US-born Asians.[@bib0003] Developing treatment strategies for lymphoid malignancies is an ongoing effort, but relapses and treatment-related complications remain major obstacles. Thus, the development of new therapeutic strategies is a significant unmet need to improve the prognosis and quality of life of patients with malignant lymphomas.[@bib0004]

Doxorubicin is a broad-spectrum antitumor antibiotic isolated from *Streptomyces* species and is widely used as an anticancer agent to treat different types of cancer, including lymphoid malignancies.[@bib0005] It is also widely accepted that using a single chemotherapeutic regimen is ineffective in producing the desired therapeutic effect in many cancers and, instead, causes the emergence of side effects and resistance. Half of the patients with B-cell lymphoma treated with anthracycline-based chemotherapy develop chemoresistance.[@bib0006] A new approach is, therefore, required to improve doxorubicin sensitivity and prevent chemoresistance; a possible approach is using a combination of doxorubicin and another compound, leading to a synergistic effect that inhibits the proliferation of lymphoma cells. Using such chemotherapeutic combinations is a rational strategy to improve response and tolerability and decrease resistance.[@bib0007] Drug combinations have been shown to be capable of lowering drug resistance (due to nonoverlapping mechanisms of action) and side effects (due to lower doses).[@bib0008] Utilizing multiple drugs with different mechanisms of action may involve either single or multiple targets and result in a synergistic effect,[@bib0009] thereby increasing the effectiveness of treatment.

Proteins dysregulated in B-cell lymphoma and involved in the development of doxorubicin resistance include Raf isoforms, nuclear factor kappa B (NFκB)-inducing kinase (NIK), c-Jun N-terminal kinase (c-JNK), survivin, Bruton tyrosine kinase (Btk), Ak mouse thymoma (Akt), and cyclin-dependent kinases. Activated Raf isoforms have been reported to increase p21 and c-Myelocytoma (c-Myc) levels, and this signal transduction pathway may be involved in doxorubicin resistance. Raf-1 expression increases Michigan Cancer Foundation-7 (MCF-7) cancer cells' resistance to doxorubicin[@bib0010] through the activation of p-glycoprotein, a member of the adenosine triphosphate-binding cassette transporter family that facilitates the efflux of a wide variety of anticancer drugs, including anthracyclines.[@bib0011] NIK is a major enzyme involved in the activation of NFκB, a transcription factor with tumor-promoting properties.[@bib0012] NFκB is constitutively activated in various lymphoid malignancies and plays a dominant role in the neoplastic transformation of B-lymphoid cells. Some key components of the NFκB pathway are affected in B-cell lymphoid malignancies, leading to uncontrollable cell behavior.[@bib0013]

Survivin is a member of the inhibitor of apoptosis protein family, which is highly expressed in various hematologic malignancies,[@bib0014] including B-cell lymphoma.[@bib0015] Survivin TmSm inhibitors increase apoptosis, suppress cell proliferation, and increase the sensitivity of cancer cells to doxorubicin when used in combination.[@bib0016] Btk is a cytoplasmic tyrosine kinase; it plays an important role in B-cell maturation and is overexpressed in various B-cell malignancies.[@bib0015] The activation of this protein catalyzes phosphorylation and activates phospholipase C2, resulting in the activation of Ras/Raf/MEK/ERK and NFκB pathways.[@bib0017] Akt is an intracellular kinase that plays an important role in cell survival and proliferation and is highly expressed in B-cell lymphoma.[@bib0015] Increased Akt expression is associated with breast cancer cells' resistance to doxorubicin.[@bib0018]

Doxorubicin is an anticancer agent with apoptosis-inducing activity. c-JNK plays an important role in caspase activation and apoptosis induction by doxorubicin. c-JNK is also involved in the degradation of Myeloid cell leukemia-1 (Mcl-1) through phosphorylation and ubiquitination, which is an important process in sensitizing breast cancer cells to antimicrotubular agents. Inhibiting c-JNK activation leads to high concentrations of Mcl-1, which protects cancer cells from apoptosis, causing cancer cells' resistance to doxorubicin.[@bib0019] Suppressing Mcl-1 expression can induce matrix metalloproteinase degradation and caspase activation.[@bib0020]

A xanthone-derivative compound, 1,3,6-trihydroxy-4,5,7-trichloroxanthone (TTX), is a novel synthetic xanthone synthesized based on quantitative structure-activity relationship analyses of many xanthone compounds.[@bib0021] This compound contains 3 hydroxyl groups and 3 chloro atoms, as shown in [Figure 1](#fig0001){ref-type="fig"}; its synthesis and characterization have been recently reported.[@bib0022] A previous study showed that hydroxyl group substitutions on the xanthone scaffold increase cytotoxic activity compared with the parent compound. Increasing the number of hydroxyl groups did not linearly increase cytotoxic activity, suggesting that the position of hydroxyl groups might also determine xanthones' cytotoxic activity.[@bib0020]Figure 1Structure of 1,3,6-trihydroxy-4,5,7-trichloroxanthone (TTX).Figure 1

Xanthone compounds, both natural and synthetic, have been widely studied as anticancer agents, but mostly for single-agent treatment and not in combination. The present study provides novel information regarding the potential role of TTX as a co-chemotherapeutic agent with doxorubicin; such a combination may be an effective strategy resulting in synergistic efficacy while minimizing resistance and side effects of doxorubicin. In addition, molecular docking of TTX on potential protein receptors involved in doxorubicin resistance was also performed to predict the mechanism(s) underlying the synergy.

Materials and Methods {#sec0002}
=====================

Reagents and chemicals {#sec0003}
----------------------

Doxorubicin was purchased from Dankos, a Kalbe subsidiary (Jakarta, Indonesia). One of the authors (EY) TTX, 1 of the novel xanthone-derived compounds produced. Procedures for the preparation, composition, and purity of this compound were reported in a previous study.[@bib0022] Iscove\'s modified Dulbecco\'s media and M199 media for cell cultures were purchased from Gibco BRL (Massachusets, USA). Fetal bovine serum, penicillin, streptomycin, fungizone, (3-\[4,5-dimethyl tiazol-2-yl\]-2,5-diphenyltetrazolium bromide)/MTT, sodium dodecyl sulfate (SDS), and dimethyl sulfoxide (DMSO) were purchased from Sigma (St Louis, Missouri). The other reagents were locally procured.

Cell lines and cultures {#sec0004}
-----------------------

Cells from the Raji B-cell lymphoma line and a normal cell line (Vero) were obtained from the Parasitology Laboratory of the Faculty of Medicine, Gadjah Mada University. The cells were cultivated in Iscove\'s modified Dulbecco\'s medium (Raji) or M199 medium (Vero) supplemented with 100 U/mL penicillin, 100 µL streptomycin, and 1% fungizone in a humidified incubator at 37°C and 5% carbon dioxide. The study received ethics approval from the Medical and Health Research Committee of the Faculty of Medicine, Gadjah Mada University−Dr. Sardjito General Hospital, Yogyakarta, Indonesia.

Compounds {#sec0005}
---------

The compounds tested were doxorubicin and a chloro-substituted xanthone derivative, TTX. Doxorubicin was available as a stock solution at a concentration of 2000 µg/mL (equivalent to 3679.85 µM) and diluted using culture media as needed. A total of 10 mg TTX was dissolved in 100 µL 10% DMSO in water to form a stock solution with a concentration of 100,000 µg/mL (equivalent to 244,200 µM). The highest TTX concentration tested was 100 µg/mL (dilution of 1000 times using culture media, equivalent to 244.200 µM) so that the DMSO concentration in this solution was 0.01%. This solution was diluted to varying concentrations of 122.100, 61.050, 30.525, 15.263, 7.631, and 3.816 µM TTX using culture media, and the DMSO concentrations in subsequent dilutions were 0.005%, 0.0025%, 0.00125%, 0.00063%, 0.00031%, and 0.000156% in each TTX concentration tested. A previous study has shown that 10% DMSO is safe to use in some in vitro studies without causing cytotoxic effects in various types of cancer cell lines. When conducting a cytotoxicity test, the DMSO concentration in the highest concentration of the tested compound should not exceed 0.1%.[@bib0023] Dilutions of doxorubicin and TTX were used with a suitable culture medium for each cell line. TTX was used in combination with doxorubicin to treat Raji cells, and its potential mechanism of action was investigated through molecular docking.

In vitro cytotoxicity assay {#sec0006}
---------------------------

The in vitro cytotoxic activity of TTX and doxorubicin against Raji and Vero cell lines was measured using MTT assay as described in a previous study,[@bib0024] with some modifications, to determine the half-maximal inhibitory concentration (IC~50~) values of doxorubicin and TTX and their selectivity against Raji cancer cells. The IC~50~ values thus obtained were used to determine the concentrations to be used in TTX--doxorubicin combinations, comprising ratios of one-half, three-eighths, one-fourth, and one-eighth of the IC~50~ values.

Raji or Vero cells were seeded at a density of 1 × 10^4^ cells per well in 96-well microplates and incubated overnight. Raji cells were treated with 100 µL of 244.200, 122.100, 61.050, 30.525, 15.263, 7.631, or 3.816 µM TTX, and 50 µL 91.996, 45.998, 22.999, 11.499, 5.749, 2.875, or 1.437 µM doxorubicin as a positive control. A total of 50 µL medium was added to cells as an untreated control and to wells without cells as a medium control. Vero cells were treated with 50 µL medium (as an untreated control), 50 µL of varying TTX concentrations (1221.001, 610.501, 305.250, 152.625, 76.312, or 38.156 µM), 50 µL of varying doxorubicin concentrations (459.981, 229.991, 114.995, 57.498, 28.749, or 13.374 µM), or 50 µL culture medium without cells as a medium control. The plates were incubated for 24 hours at 37°C in a 5% carbon dioxide incubator, followed by the addition of 50 µL 10% MTT solution and reincubation for another 4 hours. Next, 100 µL 10% SDS in water was added to all the wells, and the plate was incubated overnight to dissolve the formazan crystals. The absorbance (ie, optical density) of the wells at a wavelength of 595 nm was determined using an ELISA microplate reader. Viable cells (%) were counted using the following formula:$$Cell\; viability\;\left( \% \right) = \frac{A_{treatment}\! - \! A_{control\; media}}{A_{control\; cell}\! - \! A_{control\; media}} \times 100\%\quad{A = \text{absorbance}}$$

IC~50~ values represent the drug concentration in micrometers required to inhibit cell viability by 50%, calculated using probit analysis. The selectivity index was calculated from the ratio of IC~50~ against Vero cells to that against Raji cells. Selectivity index values \>3 were considered to indicate good selectivity.[@bib0025]

Drug combinations {#sec0007}
-----------------

The effects of different concentrations of TTX, doxorubicin, and their combinations on Raji cell growth were measured using MTT assay as described previously, with modifications. Raji cells were plated in a 96-well microplate at a density of 1 × 10^4^ cells per well and incubated at 37°C in 5% carbon dioxide for 24 hours. The cells were treated with one-half IC~50~, three-eighths IC~50~, one-fourth IC~50~, or one-eighth IC~50~ of TTX, doxorubicin, or combinations thereof at a 50-µL total volume for 24 hours. The plate was incubated for another 4 hours at 37°C in 5% carbon dioxide after adding 50 µL of 10% MTT to each well. Next, 100 µL SDS was added to the plate and incubated overnight to solubilize the MTT formazan crystals completely. The optical density of the wells at a wavelength of 595 nm was determined using an ELISA microplate reader. The percentage of viable cells was determined using the in vitro cytotoxicity assay method described above.

Analysis of drug combinations {#sec0008}
-----------------------------

Drug interactions between TTX and doxorubicin were determined using isobologram analysis[@bib0026] and denoted with the combination index. The combination index analysis was based on the median-effect principle and computed using the following formula. Combination index = D~1~/(Dx)~1~ + D~2~/(Dx)~2~, where D~1~ and (Dx)~1~ are concentrations of TTX and doxorubicin, respectively, that inhibit cell growth to 50% of control when used alone, and D~2~ and (Dx)~2~ are concentrations of TTX and doxorubicin, respectively, that produce the same effect when used in combination.[@bib0008] Combination index values, calculated using CompuSyn software (ComboSyn Inc, Paramus, New Jersey) indicate the effects of drug combinations and are interpreted as shown in [Table 1](#tbl0001){ref-type="table"}.Table 1Interpretation of combination index values in drug combinations.[@bib0008]Table 1Combination index valueInterpretation\<0.1Very strong synergism0.1--0.3Strong synergism0.3--0.7Synergism0.7--0.85Moderate synergism0.85--09Slight synergism0.9--1.1Nearly additive1.1--1.45Slight to moderate antagonism1.45--3.3Antagonism3.3--10Strong antagonism\>10Very strong antagonism

Preparation for docking {#sec0009}
-----------------------

A molecular docking study of TTX on protein receptors was conducted based on a procedure described previously.[@bib0027] Three-dimensional crystal structures of protein receptors involved in doxorubicin resistance were retrieved from the Protein Data Bank(PDB) database (Research Collaboratory for Structural Bioinformatics/RCSB, USA). The downloaded protein structures were then prepared with YASARA ver. 10.1.8 (YASARA Biosciences GmbH, Vienna, Austria) ([www.yasara.org](http://www.yasara.org){#interref0002}) in the standard setting, and hydrogen atoms were added to the structures. The results were saved in the *mol2* format for docking. The downloaded native ligands of protein receptors were prepared with MarvinSketch version 16.5.2.0 (ChemAxon, Budapest, Hungary) (<http://www.chemaxon.com>) by configuring them in a 2-dimensional format. They were found to be protonated at pKa 7.4, and 10 ligand conformations were built. The 10 conformers generated were then saved in the *mol2* format for docking. TTX was used as an experimental ligand, and its 2-dimensional structure was prepared with Marvinsketch in the same way as the native ligand; the conformers were then saved in the *mol2* format for docking.

Molecular docking {#sec0010}
-----------------

Molecular docking simulation was carried out using Protein-Ant Ligand Systems.[@bib0028] The root median square deviation (RMSD) and free energy of binding were used as docking parameters and measured using Yasara. The docking process was considered valid and suitable for being reproduced if the RMSD value of the copy ligand after redocking was \<2 Å.[@bib0029] The best predictive binding position was selected based on the most electronegative free energy of binding. Interactions between the protein structure and ligands were visualized with PyMOL ver 1.7.5.0 (Schrödinger, New York, New York) ([http://www.pymol.org](http://www.pymol.org)){#interref0003a}).

Additionally, the hydrogen bonds formed between protein receptors and ligands were compared with those of the native ligand.[@bib0030]

Results {#sec0011}
=======

Cytotoxicity assay {#sec0012}
------------------

The cytotoxicity of TTX and doxorubicin individually and in combination against Raji or Vero cells was determined using the MTT method. The results are shown in [Table 2](#tbl0002){ref-type="table"}. The Council of Scientific and Industrial Research classifies cytotoxic activities into inactive (mean IC~50~, \>50 µg/mL), weak (15 µg/mL\< mean IC~50~, \<50 µg/mL), moderate (6.25 µg/mL\< mean IC~50~, \<15 µg/mL), or potent (mean IC~50~, \<6.25 µg/mL).[@bib0031] According to these criteria, the cytotoxic activities of TTX 15.948 µM (equivalent to 6.53 µg/mL) and doxorubicin 25.432 µM (equivalent to 13.82 µg/mL) found in the present study are classified as moderate. The sensitivity index values of TTX and doxorubicin \>3 indicate their selectivity against Raji cells.[@bib0025]Table 2The half-maximal inhibitory concentration (IC~50~) and selectivity index (SI) values of 1,3,6-trihydroxy-4,5,7-trichloroxanthone (TTX) and doxorubicin against Raji or Vero cell lines.[\*](#tb2fn1){ref-type="table-fn"}Table 2CompoundIC~50~ value (µM)SI value[†](#tb2fn2){ref-type="table-fn"}RajiVeroTTX15.948 (3.101)256.288 (25.617)\>76.57Doxorubicin25.432 (1.417)149.917 (28.277)5.89[^1][^2]

Combined effect of TTX and doxorubicin on Raji cells {#sec0013}
----------------------------------------------------

Cells were treated with various concentrations of TTX and doxorubicin for 24 hours to investigate the combined effect of TTX and doxorubicin on the viability of Raji cells. The IC~50~ values obtained after single treatments of TTX or doxorubicin were used to determine their concentrations in TTX--doxorubicin combinations. The concentrations used were calculated as one-half, three-eighths, three-fourths, or one-eighth IC~50~ of TTX or doxorubicin single treatments; thus, the TTX concentrations used were 7.974, 5.981, 3.986, and 1.993 µM, and the doxorubicin concentrations used were equivalent to 12.716, 9.537, 6.358, and 3.179 µM. The experiments consisted of 4 groups: a control group treated with medium alone, a group treated with TTX alone, a group treated with doxorubicin alone, and a group treated with a combination of TTX and doxorubicin. Cell viability was measured using MTT assay, and the data were converted into percentages of viable cells. The data confirmed that in individual treatments, all concentrations of either TTX ([Figure 2](#fig0002){ref-type="fig"}) or doxorubicin ([Figure 3](#fig0003){ref-type="fig"}) alone inhibited cell proliferation by \<50%.Figure 2Inhibitory effect of TTX alone on Raji cell proliferation. ^⁎^P \< 0.05 compared to control (concentration 0) Values are the mean of two independent experiments. Raji cell viability was measured after 24 h of TTX treatment using the MTT method.Figure 2Figure 3Inhibitory effect of doxorubicin alone on Raji cell proliferation. ^⁎^P \< 0.05 compared to control (concentration 0) Values are mean of two independent experiments. Raji cell viability was measured after 24 h of doxorubicin treatment using the MTT method.Figure 3

The cytotoxic activity of TTX or doxorubicin against Raji cells did not increase in direct proportion to the concentration. The percentage of viable cells at a TTX concentration of 1.993, 3.986, 5.981, and 7.974 µM was 71.04%, 71.57%, 69.65%, and 69.30%, respectively. In the doxorubicin-treated cells, the percentage of viable cells was 65.23%, 59.77%, 57.53%, and 54.65% at a concentration of 3.179, 6.358, 9.537, and 12.716 µM, respectively. There were no significant differences among the effects of the different drug concentrations (*P* \> 0.05), except in comparison with untreated cells (*P* \< 0.05).

In contrast to the treatments with TTX or doxorubicin alone, their combinations at the 4 concentrations above inhibited cell proliferation significantly, as shown in [Figure 4](#fig0004){ref-type="fig"}. The percentage of viable cells at all concentrations was \<50%, ranging from 34.64% to 45.24%. The smallest number of viable cells was seen with the combination containing the highest concentrations of TTX and doxorubicin (7.974 and 12.716 µM, respectively). Furthermore, this combination suppressed Raji cell proliferation in a concentration-dependent manner.Figure 4Combined effect of TTX and doxorubicin on Raji cell proliferation. Values are the mean of two independent experiments. Raji cell viability was measured after 24 h of TTX and doxorubicin combination treatments using the MTT method.Figure 4

Combining TTX and doxorubicin enhanced their anticancer effect against Raji cells. In comparison with TTX or doxorubicin alone, this combination resulted in greater efficacy in inhibiting the growth of Raji cells ([Figure 5](#fig0005){ref-type="fig"}). This suggested a possible role of TTX in the doxorubicin-induced growth inhibition of B lymphoma cancer cells. [Figure 5](#fig0005){ref-type="fig"} shows the concentration-effect curves of TTX, doxorubicin, and the TTX--doxorubicin combination, and the combination index values of the TTX--doxorubicin combination obtained using CompuSyn calculations ([Table 3](#tbl0003){ref-type="table"}). These data indicated that all the tested concentrations had strong or very strong synergistic effects (combination index, 0.1−0.3 and \<0.1, respectively).[@bib0008]Figure 5Dose-effect curves of TTX, doxorubicin, and the TTXdoxorubicin combination. Dose-effect curves were generated from the CompuSyn calculations, and the values are the mean of three experiments. Abbreviations; Fa, fraction affected (the effects resulting from the intervention); TTX, 1,3,6-trihydroxy-4,5,7-trichloroxanthone; Dx, doxorubicin; TTX-Dx, combination of TTX and doxorubicin.Figure 5Table 3Combination index values of 1,3,6-trihydroxy-4,5,7-trichloroxanthone (TTX)--doxorubicin calculated using CompuSyn (ComboSyn, Inc, Paramus, NJ).Table 3ConcentrationDoxorubicin (µM)3.1796.3589.53712.716TTX (µM)1.9930.073[\*](#tb3fn1){ref-type="table-fn"}0.181[†](#tb3fn2){ref-type="table-fn"}0.159[†](#tb3fn2){ref-type="table-fn"}0.258[†](#tb3fn2){ref-type="table-fn"}3.9860.072[\*](#tb3fn1){ref-type="table-fn"}0.124[†](#tb3fn2){ref-type="table-fn"}0.166[†](#tb3fn2){ref-type="table-fn"}0.175[†](#tb3fn2){ref-type="table-fn"}5.9810.078[\*](#tb3fn1){ref-type="table-fn"}0.121[†](#tb3fn2){ref-type="table-fn"}0.285[†](#tb3fn2){ref-type="table-fn"}0.135[†](#tb3fn2){ref-type="table-fn"}7.9740.057[\*](#tb3fn1){ref-type="table-fn"}0.091[\*](#tb3fn1){ref-type="table-fn"}0.166[†](#tb3fn2){ref-type="table-fn"}0.069[\*](#tb3fn1){ref-type="table-fn"}[^3][^4]

Molecular docking of TTX on protein receptors involved in doxorubicin resistance {#sec0014}
--------------------------------------------------------------------------------

Based on the synergistic effects of the TTX and doxorubicin combination against Raji cells, it is rational to explore the mechanism(s) underlying the effect of the TTX and doxorubicin combination in increasing cell sensitivity to doxorubicin or decreasing the risk of doxorubicin resistance progression. This was conducted using molecular docking with proteins involved in doxorubicin resistance. The ability of TTX to occupy the active site of these proteins would suggest its ability to decrease resistance to doxorubicin. The results of a molecular docking analysis of native ligand and TTX against some protein receptors involved in doxorubicin resistance are shown in [Table 4](#tbl0004){ref-type="table"}.Table 4Molecular docking of 1,3,6-trihydroxy-4,5,7-trichloroxanthone (TTX) against some receptors involved in doxorubicin resistance.Table 4Protein signalingProtein Data Bank IDRoot median square deviationFree energy of bindingHydrogen bondNative ligandTTXDifferenceNative ligandTTX**Raf-13OMV1.3823−83.22−79.373.85Cys^424^Cys^424^, Lys^431^, Ser^427^, Gly^426^**NIK5T8O1.6348−107.13−69.9537.18Glu^442^, Glu^472^, Leu^474^, Phe^537^Leu^474^ (2)**c-JNK3PZE1.2523−75.91−75.420.49Met^111^ (2), Glu^109^Met^111^, Glu^109^, Ser^34^ (2)**CDK22UZO0.9929−80.93−68.4712.46His^84^, Asp^86^, Asp^145^, Asn^132^Leu^83^, Asp^145^, Lys^33^Survivin2QFA1.7134−59.85−46.8912.96Arg^18^ (3), Phe^93^, Glu^40^Arg^18^, Val^89^CDK65L2I1.6338−107.04−71.8935.15Glu^18^, Val^101^Val^101^, Asp^102^, Asp^104^p38 MAPK4TYH1.6099−92.61−72.1520.46Lys^53^, Met^109^Gly^33^, Lys^53^, Met^109^Btk3GEN0.9364−80.78−68.3812.4Thr^474^, Glu^475^, Met^477^Leu^408^Akt3MV50.9403−83.18−56.6626.52Glu^434^, Ala^230^Leu^156^MMP-1966C1.0760−88.55−63.3525.2Glu^219^, Ala^182^, Asn^180^, Leu^181^Gly^179^, His^228^, His^218^Bcl-24C5D1.7437−126.44−61.4365.01----[^5][^6][^7][^8]

The ligand copies almost coincided with all the protein receptor binding sites, with all the RMSD values being less than Å, and thus, they met the validity criteria for molecular docking. Among the protein receptors investigated, Raf-1 and c-JNK showed minimal free energy of binding and differences compared with that of the native ligand, suggesting these are the most likely targets mediating the mechanism of synergy. The native ligand\'s free energy of binding to Raf-1 was −83.22 kcal/mol, with 1 hydrogen bond with Cys^424^ ([Figure 6](#fig0006){ref-type="fig"}A). TTX occupied the binding site of Raf-1 with a free energy of binding of −79.37 kcal/mol and formed 4 hydrogen bonds with the amino acid residues Cys^424^, Lys^431^, Ser^427^, and Gly^426^ ([Figure 6](#fig0006){ref-type="fig"}B). Amino acid residues involved in the hydrogen bonds are shown in [Table 5](#tbl0005){ref-type="table"}.Figure 6Hydrogen bonds formed between the amino acid residues of Raf-1 (PDB ID: 3OMV) and the ligands. (a) native ligand, (b) TTX. The hydrogen bonds are marked by yellow dashed lines. Orientation of ligands to Raf-1 is displayed with Pymol.Figure 6Table 5The atom components and amino acid residues involved in the hydrogen bonds formed between Raf-1 and 1,3,6-trihydroxy-4,5,7-trichloroxanthone (TTX).Table 5Ligand components[\*](#tb5fn1){ref-type="table-fn"}Amino acid residues of Raf-1 proteinH of OH (C-1)O atom (C=O) of Cys^424^H of OH (C-1)O atom (C=O) of Gly^426^O of OH (C-3)O atom (OH) of Ser^427^O of OH (C-3)H atom (NH) of Lys^431^[^9][^10]

The native ligand\'s free energy of binding with c-JNK was --75.91 kcal/mol, with 3 hydrogen bonds formed with Met^111^ (2 bonds) and Glu^109^ ([Figure 7](#fig0007){ref-type="fig"}A). The free energy of binding of TTX to the c-JNK receptor was −75.42 kcal/mol, and 4 hydrogen bonds were formed at Met^111^, Glu^109^, and Ser^34^ (2 bonds) ([Figure 7](#fig0007){ref-type="fig"}B). Amino acid residues involved in the hydrogen bonds are shown in [Table 6](#tbl0006){ref-type="table"}. The ability of TTX to occupy the active site of Raf-1 or c-JNK suggests the potential mechanism of action of its synergistic effect with doxorubicin.Figure 7Hydrogen bonds formed between the amino acid residues of c-JNK (PDB ID: 3PZE) and the ligands. A. native ligand, B. TTX. The hydrogen bonds are marked by yellow dashed lines. Orientation of ligands to c-JNK is displayed with Pymol.Figure 7Table 6The atom components and amino acid residues involved in the hydrogen bonds formed between c-JNK protein and 1,3,6-trihydroxy-4,5,7-trichloroxanthone (TTX).Table 6Ligand components[\*](#tb6fn1){ref-type="table-fn"}Amino acid residues of c-JNK proteinH of OH (C-1)O atom (C=O) of Met^111^O of OH (C-3)O atom (C=O) of Glu^109^O of OH (C-6)H atom (NH) of Ser^34^O of OH (C-6)O atom (C=O) of Ser^34^[^11][^12]

Discussion {#sec0015}
==========

TTX is a xanthone derivative containing 3 hydroxyl groups and 3 chloro atoms. Xanthone compounds have been reported to show anticancer activity against several cancer cell lines, with IC~50~ values varying from 1.81 µg/mL (P388 murine leukemia cells) to 91 µg/mL (HepG2 cells).[@bib0022] Hydroxyl substitutions in the xanthone scaffold are known to increase its cytotoxic activity. Increasing the number of hydroxyl groups does not linearly increase the cytotoxic activity of xanthones, suggesting that the position of the hydroxyl groups may also play a role in their inhibitory effect.[@bib0020] Modifying the hydroxyxanthone scaffold with halogen groups, especially chloro-substitutions, is predicted to increase cytotoxic activity.[@bib0021]

The present study resulted in an important finding relevant to the potential of xanthone as an anticancer agent, especially in terms of a possible combination with an established anticancer agent. Doxorubicin was used as a positive control drug because it is a chemotherapeutic agent used to treat B-cell lymphoma[@bib0006] and has a nucleus structure similar to that of xanthone compounds.[@bib0020] Doxorubicin is widely used as an anticancer agent to treat many cancer types, including B-cell lymphoma. This anticancer effect is due to its intercalation into DNA, leading to the inhibition of DNA synthesis and function. Doxorubicin is also a DNA topoisomerase II inhibitor by forming cleavable complexes with DNA and DNA topoisomerases II[@bib0005] and generating the formation of reactive oxygen species.[@bib0032] However, there is a significant concern with respect to resistance and adverse side effects. Combination anticancer therapy may decrease these risks due to nonoverlapping mechanisms of action and lower drug doses.[@bib0008]

The cytotoxicity assay results in the present study show that TTX is a selective, moderately cytotoxic agent against Raji cells. Natural xanthone compounds normally exhibit in vitro anticancer activities through a variety of mechanisms in many cancer cell types, including the induction of apoptosis and cell cycle arrest,[@bib0033] stimulation of Bax proteins, and inhibition of Bcl-2 and NFκB,[@bib0034] as well as the inhibition of many cyclin proteins.[@bib0033] Apoptotic induction and cell cycle arrest by xanthone compounds are associated with an increase in reactive oxygen species levels,[@bib0035] which subsequently induce caspase activity,[@bib0036] leading to apoptosis. Increased Bax levels with the inhibition of Bcl-2 and NFκB cause the release of mitochondrial cytochrome c into the cytosol,[@bib0034] which leads to apoptosis. The induction of cell cycle arrest by natural xanthones may also be stimulated by a decrease in many cyclin proteins[@bib0033] and an increase in microtubule depolymerization, microtubule cytoskeleton disruption, and the phosphorylation of p38 and c-JNK.[@bib0037] Further investigations are required to ascertain whether the mechanisms of action of TTX in cancer cell lines are similar to those of natural xanthones.

Previous studies have revealed that the cytotoxic activity of doxorubicin against many cancer cell lines varies among cancer cell types (between 0.190 and 0.892 µg/mL), and all are \<6.25 µg/mL (smaller than 11.50 µM).[@bib0038]^,^[@bib0039] In the present study, doxorubicin showed weaker cytotoxic activity against Raji cells (6.528 µg/mL or 25.432 µM) compared with those observed in previous studies (\<11.5 µM), suggesting that Raji cells were less sensitive to doxorubicin in the present study. The study was continued using TTX--doxorubicin combinations to investigate xanthones' ability to increase cells' sensitivity to doxorubicin.

Combinations of TTX and doxorubicin showed that TTX augmented the inhibitory effect of doxorubicin on the growth of Raji cells in vitro. The antiproliferative effect of combination treatment with TTX and doxorubicin depends on their individual concentrations, suggesting a synergistic effect. Synergy is inferred when the use of drug combinations at specific doses produces greater efficacy compared with the sum of the anticancer effects achieved by using the individual drugs at the same dose.[@bib0040] The combination index values computed using CompuSyn support this finding, in which the combination index values represent strong or very strong synergism (combination index, 0.1−0.3 and \< 0.1). CompuSyn was used because it generates higher-quality graphics ready for publication, provides more options and flexibility, and is able to handle data from large-scale drug combination studies.[@bib0009]

Most studies of drug combinations are conducted in vitro because the experimental conditions can be easily defined, fixed, and standardized, and the concentrations can be maintained at relatively constant levels during experiments. It is also quick, accurate, and economical.[@bib0009] When investigating synergy in drug combination studies, the only prerequisite is the dose--effect curve for each drug alone, comprising the potency and shape of the dose--effect curve of each drug. Both of these parameters can be easily obtained from the median-effect equation using computer software such as CompuSyn.[@bib0041]

The molecular docking study\'s findings indicate that the synergistic effect of combining TTX and doxorubicin might be due to the ability of TTX to inhibit Raf-1 and c-JNK, the 2 proteins involved in doxorubicin resistance. The orientation of the TTX ligand to Raf-1 and c-JNK proteins indicate that TTX was capable of occupying the active site of Raf-1 and NIK receptors. The orientation of TTX in Pymol reveals that TTX is positioned deep in the binding pocket of Raf-1 and surrounded by the amino acid residues Ile^355^, Val^363^, Ala^373^, Trp^423^, and Phe^475^ ([Figure 6](#fig0006){ref-type="fig"}B). These hydrophobic residues are part of the active site of Raf-1 and play a role in its activity.[@bib0042] TTX docked at the active site of Raf-1 with minimal free energy of binding (−79.37 kcal/mol), close to that of the native ligand (−83.21 kcal/mol). The interaction between TTX and Raf-1 formed a hydrogen bond similar to that at Cys^424^. The hydrogen bond at Cys^424^ residues plays a significant role in the inhibition of Raf-1 activity,[@bib0043] which suggests TTX has the potential to inhibit Raf-1 activity.

Raf isoform is an enzyme serine/threonine kinase that acts as a transduction signal in a cascade initiated by growth factors or mitogens. Raf isoform activation is associated with the emergence of chemotherapy drug resistance in leukemia, and Raf-1 overexpression decreases B-cell lymphoma cells' sensitivity to doxorubicin.[@bib0010] Increased Raf-1 expression also plays a role in the low response of breast cancer cells to doxorubicin chemotherapy, along with increased Akt expression. However, under low Raf-1 expression conditions, the sensitivity of cancer cells to doxorubicin is higher. This indicates the role of Raf-1 in inhibiting the emergence of cancer cell resistance.[@bib0044] The effectiveness of using a combination of Raf inhibitors with doxorubicin is based on the role of the Raf/MEK/ERK pathway in regulating multidrug-resistance-1 gene promoter activity. The Raf/MEK/ERK pathway also appears to synergize with Bcl-2 in some hematologic malignancies.[@bib0045]

The design and synthesis of pyrimidine derivative molecules as Pan-Raf inhibitors to overcome anticancer resistance has resulted in identifying several effective compounds. Among the structures that increase the effectiveness of compounds as Pan-Raf inhibitors are the addition of halogen elements, especially the chloride (--Cl) group. Adding the --Cl group produces more effective compounds than other halogen groups, such as fluoride (--F).[@bib0046] This is in accordance with the structure of TTX, which has 3 --Cl groups next to 3 hydroxyl (--OH) groups as sites of substitution. As explained previously, adding the --OH group to the xanthone core increases the inhibitory activity of xanthone compounds on cancer cells. Incorporating 2 --Cl groups into the compound increased the effectiveness of TTX, especially in inhibiting Raf-1.

Amino acid residues of Met^111^, Glu^109^, and Ser^34^ are part of the active ligand side of the c-JNK-1 receptor and play roles receptor, which play roles in c-JNK activation.[@bib0047] Met^111^ and Glu^109^ are also important in binding to 3,6-dihydroxiflavones, which have been shown to be c-JNK inhibitors.[@bib0048] The TTX--c-JNK receptor complex forms 4 hydrogen bonds, more than the number of hydrogen bonds formed between the native ligand and the c-JNK receptor. These hydrogen bonds potentially explain why the free energy of binding of TTX is close to that of the native ligand.

c-JNK activation is known to play a role in the cytotoxic mechanism of several anticancer agents. Under normal conditions, c-JNK can be activated due to several stress stimuli. Research shows that the combined use of tetrathiomolybdate (a chopper-chelating agent) at subcytotoxic levels with doxorubicin is effective in inhibiting the growth of doxorubicin-resistant endometrial cancer cell lines. Further studies have shown that combining these 2 agents increases cancer cells' sensitivity to doxorubicin, with 1 route being increasing or activating c-JNK.[@bib0049] c-JNK is an important determinant in assessing tumor sensitivity to anthracycline anticancer agents, such as doxorubicin. c-JNK activation stimulates Bax translocation, an apoptotic inducer, into mitochondria, which causes apoptosis.[@bib0050]

The different numbers of hydrogen bonds formed in TTX--receptor binding and native ligand-receptor binding could explain the much higher free energy of binding of TTX because the amino acid residues involved in the interaction determine the inhibitory activity of a protein receptor.[@bib0051] The hydrogen bond is the main interaction contributing to the free energy of binding of a drug-receptor complex. Furthermore, the hydrogen bonds in a ligand-receptor complex and their positions can predict the strength and catalytic activity of the complex.[@bib0052] A ligand-receptor complex\'s interactions become more stable as the free energy of binding becomes more negative.

The proposed mechanism of how TTX increases the sensitivity of Raji cancer cells to doxorubicin is shown in [Figure 8](#fig0008){ref-type="fig"}. Our findings indicate that TTX increases cancer cells' sensitivity to doxorubicin by inhibiting Raf-1 and activating c-JNK. Raf-1, through its downstream targets, namely MEK and ERK, activates the transcription of multidrug-resistance-1 and Bcl-2 genes, which contribute to the resistance of cancer cells to doxorubicin; therefore, Raf-1 inhibition increases cancer cells' sensitivity to doxorubicin. c-JNK activation causes the translocation of Bax, a proapoptotic protein, from mitochondria to the cytoplasm and inhibits Mcl-1, an anti-apoptotic protein, thereby stimulating apoptosis. Barriers to Mcl-1 also inhibit matrix metalloproteinase, so the invasion process can be inhibited. Therefore, verifying the docking results required further investigation of downstream proteins.Figure 8The proposed mechanism of how TTX increases the sensitivity of Raji cancer cells toward doxorubicin. Abbreviations; TTX, 1,3,6-trihydroxy-4,5,7-trichloroxanthone; Raf-1, rapidly accelerated fibrosarcoma-1; MEK, mitogen activated protein kinase; ERK, extracellular signal regulated kinase; MDR-1, multidrug resistant gene-1; Bcl-2, B-cell lymphoma-2; c-JNK, Jun-N-terminal kinase; Mcl-1, myeloid cell leukemia-1; MMP, matrix metalloproteinase.Figure 8

The synergistic effect of combining TTX and doxorubicin might also result from their different mechanisms of action in killing cancer cells (ie, their nonoverlapping mechanisms of action).[@bib0008] Doxorubicin is known as a topoisomerase II inhibitor and acts as an anticancer agent by inducing cell death through DNA damage. It is also capable of inducing DNA injury and lipid peroxidation through free radical formation. Doxorubicin delays G-actin polymerization and inhibits small actin filament elongation during polymerization.[@bib0040] Some natural xanthone compounds induce apoptosis and cell cycle arrest through a variety of mechanisms, such as microtubule depolymerization and microtubule cytoskeleton disruption.[@bib0037] These facts indicate that the mechanisms of action of doxorubicin and xanthone compounds may be interrelated and are not entirely distinctive. The actin filament could be a potential inhibitory target of the combined use of TTX and doxorubicin.

Another possible effect of this synergism is the theory of doxorubicin toxicities, which is associated with the ability of xanthone compounds to inhibit the liver cytochrome (CYP) P450 enzyme. Xanthone-derivative compounds can inhibit the enzyme families CYP2C8, CYP2C9, CYP2B6, CYP2C19, CYP3A4, and CYP2D6.[@bib0053] The CYP3A4 enzyme family contributes to the largest composition of CYP enzymes, and plays an important role in doxorubicin metabolism.[@bib0032] The xanthone compounds are known to be CYP3A inhibitors, inhibiting doxorubicin metabolism and, consequently, increasing the concentration of doxorubicin in plasma. Increasing the doxorubicin concentration is believed to play a role in doxorubicin\'s cytotoxic activity against Raji cells, suggesting the synergistic effect of TTX and doxorubicin.

Altogether, these results indicate TTX and doxorubicin have a synergistic effect on Raji cells, which is likely induced by the inhibitory effect of TTX on Raf-1, stimulating sensitivity to doxorubicin, which is, presumably, also due to the nonoverlapping mechanisms of action of TTX and doxorubicin. The potential use of a combination of TTX and doxorubicin may enhance anthracycline-based therapy by overcoming anthracycline drug resistance and reducing their toxic side effects. The weakness of this study was the authors' inability to mask observers, but this matter was minimized by using an objective measuring tool (ie, an ELISA reader).

Future Research {#sec0016}
===============

The present study demonstrated the synergistic effects of TTX and doxorubicin on Raji cells with unknown mutant forms of the target proteins. However, the status of doxorubicin resistance in these cells was unknown. It would be very interesting to evaluate the cytotoxic effects of this combination on Raji cells with mutant target proteins or a demonstrated resistance to doxorubicin. Furthermore, it would be of interest to also test combinations of these drugs at concentrations below one-eighth IC~50~, which was the lowest concentration tested in the present study.

Conclusions {#sec0017}
===========

Combining TTX and doxorubicin was found to enhance the antiproliferative effect of doxorubicin, a standard chemotherapy drug used to treat lymphoid malignancies. The combination index values at the concentrations used ranged from 0.057 to 0.258, suggesting the TTX and doxorubicin combination had strong and very strong synergistic effects. These synergistic effects were seen at much lower doses than the IC~50~ of doxorubicin used in monotherapy. The synergistic effects might be due to the inhibition of Raf-1 and c-JNK, as indicated by the molecular docking results. The free energy of binding and hydrogen bonding interactions between Raf-1 and c-JNK indicate that TTX is docked and positioned deeply in the binding sites of the above proteins. In short, combined treatment with TTX and doxorubicin is stronger than the respective single-agent treatments against B-cell lymphoma (Raji cell line), indicating this combination is a potentially promising antilymphoma treatment suitable for further development.
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[^1]: Values are the mean (SD) of 3 experiments. Viability of Raji or Vero cells was evaluated after 24 hours of TTX or doxorubicin individual treatment and evaluated using the MTT method.

[^2]: Selective if \>3.[@bib0023]

[^3]: Combination index values \<0.1 indicate very strong synergism.

[^4]: Combination index values 0.1 to 0.3 indicate strong synergism.[@bib0008]

[^5]: Protein Data Bank ID were obtained from PDB Database (RCSB, USA).

[^6]: The boldface types in Raf-1 and c-JNK represented the smallest differences free energy of binding of TTX to that of the native ligands.

[^7]: The number in parentheses represented the number of hydrogen bonds which were formed by each amino acid.

[^8]: NIK = nuclear factor kappa B (NFκB)-inducing kinase, c-JNK = c-Jun N- 42 terminal kinase, Btk = Bruton tyrosine kinase, Akt = Ak mouse thymoma, CDK = cyclin-dependent kinases, MAPK = mitogen-activated protein kinase, MMP = matrix metalloproteinase, Bcl = B cell lymphoma.

[^9]: C = Carbon atom, H = Hydrogen atom, NH = Amine group, O = Oxygen atom, OH = Hydroxyl group.

[^10]: C-1 and C-3 show that hydrogen bonds are formed on OH groups of C atoms number 1 and number 3 (the order of C atoms refers to [Figure 1](#fig0001){ref-type="fig"}).

[^11]: C = Carbon atom, H = Hydrogen atom, NH = Amine group, O = Oxygen atom, OH = Hydroxyl group.

[^12]: C-1, C-3, and C-6 show that hydrogen bonds are formed on OH groups of C atoms number 1, 3, and number 3 (the order of C atoms refers to [Figure 1](#fig0001){ref-type="fig"}).
